The transforming growth factor beta (TGFb) signaling pathway orchestrates a wide breadth of biological processes, ranging from bone development to reproduction. Given this, there has been a surge of interest from the drug development industry to modulate the pathway -at several points. This review discusses and provides additional context for several layers of the TGFb signaling pathway from a structural biology viewpoint. The combination of structural techniques coupled with biophysical studies has provided a foundational knowledge of the molecular mechanisms governing this high impact, ubiquitous pathway, underlying many of the current therapeutic pursuits. This work seeks to consolidate TGFb-related structural knowledge and educate other researchers of the apparent gaps that still prove elusive. We aim to highlight the importance of these structures and provide the contextual information to understand the contribution to the field, with the hope of advancing the discussion and exploration of the TGFb signaling pathway.
Introduction
The transforming growth factor beta (TGFb) superfamily controls several intricate signaling mechanisms that underlie every biological process from development and homeostasis to reproduction and wound-repair. Overall, the TGFb family consists of over 33 unique ligands synthesized as a precursor that contains a large prodomain ($200-300 residues) and a mature, signaling domain ($115 residues). Each monomer has a growth-factor like fold with a pair of reciprocating b-strands divided by a central a-helix (Figure 1(a) ). Once processed, ligands bind and assemble two signaling receptors, termed type I and type II (Figure 1(b) ). Both type I and type II receptors have a single extracellular binding domain and an intracellular kinase domain. Upon assembly, the constitutively active type II receptor kinase phosphorylates the type I receptor kinase, initiating a downstream signaling cascade following phosphorylation of SMAD proteins. To handle the large array of ligands, only five different type II receptors (TbRII, ActRIIA, ActRIIB, BMPRII and AMHRII) and seven type I receptors (Alk1-7) are available where the combination of type I and type II receptors are ligand dependent. Along this, the ligands are classically organized into three classes: the TGFbs, for which the family is named, the bone morphogenetic proteins (BMPs), named for their roles in bone development, growth and homeostasis, and the activins, which play deterministic roles in reproduction and muscle development. Both TGFb and activin class ligands canonically activate SMAD2/3 signaling, while the BMP ligands diverge, activating SMAD1/5/8. Additionally, distinct extra-and intracellular mechanisms have evolved to regulate each class at several levels providing exquisite control over structurally related signaling molecules. Throughout this review, we highlight our current structural understanding of these mechanisms including ligand-receptor interactions, extracellular antagonism, prodomain-ligand interactions,
Impact statement
The transforming growth factor beta (TGFb) signaling pathway is a multifacetted and highly regulated pathway, forming the underpinnings of a large range of biological processes. Here, we review and consolidate the key steps in TGFb signaling using literature rooted in structural and biophysical techniques, with a focus on molecular mechanisms and gaps in knowledge. From extracellular regulation to ligand-receptor interactions and intracellular activation cascades, we hope to provide an introductory base for understanding the TGFb pathway as a whole. and recent insight into the intracellular kinase domains and SMAD proteins.
Receptor-ligand interactions across the TGFb family Ligand structures
Three-dimensional structures have been resolved for over 15 TGFb family members either in complex with receptors, antagonists, their prodomains or unbound, in an apo-state. Representative structures are available for all three classes (TGFb, BMP and activin) and coalesce into an archetypal structure described as a hand, with an a-helix (wrist) and two sets of antiparallel b-strands (fingers; Figure 1(a) ). 1 Despite having a similar overall architecture, TGFb and activin members contain an N-terminal segment that folds back onto finger 1 and is connected by an additional disulfide bond. Structures of BMP ligands lack this N-terminal motif and subsequently, the additional disulfide bond. 2 However, all family members contain a centralized cystine knot, a hallmark of other growth factors including nerve growth factor, platelet-derived growth factor, and vascular endothelial growth factor. The knot is constructed by two disulfide bonds between fingers 2 and 4, which form a ring that is pierced by a third disulfide between fingers 1 and 3. This knot contributes significantly to the folding and stability of the ligand, which generally lacks a hydrophobic core. The dimer is formed by an additional interchain disulfide bond, packing the two wrist helices into the opposing monomer's palm to form a (Figure 1(a) ). Within the palm of the ligand on finger 1 are two conserved tryptophan residues, part of a conserved WXXW motif, that are surface exposed and positioned on a helical turn, pointing into the concave pocket of the dimer interface. Previous studies have implicated that these residues are important for folding and play key roles in providing hydrophobic contact points with ligand binding partners, particularly the extracellular domains (ECD) of the corresponding receptors. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Throughout the family, differences can be seen in residues that are not critical to the overall growth-factor fold. While these differences play an important role in defining which receptors and proteins they interact with, they can also have other functional roles. In particular, sequence variation can result in significant differences in the overall charge of the ligands. For instance, BMP ligands are positively charged leading to their ability to interact directly with heparin or heparan sulfate proteoglycans. 2, 14 Binding to heparin restricts their mobility, causing them to signal in a paracrine or autocrine manner. In contrast, some ligands, such as Activin A (ActA), are negatively charged at neutral pH and diffuse more readily, while others, such as GDF8, are polar where one half is positive and the other half is negative. 15, 16 Thus, the overall charge of the ligands is variable and can impact protein interactions, as well as their mobility postsecretion.
Ligands can also diverge heavily when comparing the overall dimer shape, specifically the relative position of each monomer. Structures of BMP2, 3, 6, 7, and 9 all display the 'classic' butterfly-like morphology where the dimer interface, including the wrist helix are well-ordered, implying rigidity of the dimer shape (Figure 1 (a) and (b)). [2] [3] [4] [5] 8, 9, 12, [17] [18] [19] [20] [21] [22] [23] In contrast, several other ligands have displayed variation in the dimer shape, brought about by a flexible wrist region which permits freerotation around the intermolecular disulfide bond. For example, TGFb3 was crystallized in two different conformations: one, adopting the more classic configuration and a second receptor-bound structure, where the dimer is flattened, with an elongated or 'open' structure ( Figure 1 (b)). 1, 24 Interestingly, differences in conformational flexibility have been suggested to play a role in the differential activities of closely related isoforms. 25 Similar to the TGFb class, ActA, GDF8, and GDF11 of the activin class have been captured in multiple conformations including: an open state with an unresolved wrist helix (Apo-GDF11, antibody bound-GDF8), multiple structures in the classic state (Apo-GDF11, Fs288:GDF11, ActRIIB: Alk5:GDF11, Fs288/FSTL3:GDF8, Fs288/Fs315/FSTL3: ActA, and ActRIIB:ActA), and several structures displaying a unique 'closed'state (prodomain:GDF8, Apo-GDF8, prodomain:ActA, and ActRIIB:ActA). 13, 15, 16, 23, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] A comparison of these different states describing the flexibility of ActA is highlighted in Figure 1 (c). Together, these structures suggest that activin class ligands are highly flexible, with a large degree of variation in dimer conformations and an unstable wrist helix. Interestingly, occupancy of the concave binding interface by either an antagonist or the type I receptor seemingly favors the classic state, which may stabilize the complex. 13, 15, 23, 26, 29, 30, 33 However, prodomain bound ActA and GDF8 prefer a more closed state. 27, 32 While these studies indicate that certain ligands are flexible, solution studies have been lacking that can quantify the degree of flexibility for each ligand.
Ligand-receptor complex structures
As mentioned, TGFb family ligands initiate signaling through the assembly of a receptor complex consisting of a ligand, two type I, and two type II receptors. Each receptor ECD consists of $100 residues exhibiting a three-finger toxin fold of three b-strands. Both type I and type II receptors display a high degree of homology, except for the extended loops that flank the core b-sheet. Four of the five type II and four of the seven type I receptor ECDs have been structurally characterized either alone (type II: ActRIIA, TBRII, BMPII/type I: Alk1, Alk3, Alk5) or in a ligand-receptor complex (type II: ActRIIA, ActRIIB, TBRII, BMPII/type I: Alk1, Alk3, Alk5, Alk6). [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 16, 20, 24, 28, [36] [37] [38] [39] [40] [41] [42] These structures have revealed a common set of four disulfide bonds that stabilize the b-sheet structure in each receptor. Additionally, ActRIIA, ActRIIB, BMPRII, and the type I receptors contain an additional disulfide bond to stabilize the b4-b5 loop and preventing the occlusion of the surface of the receptor, a crucial region for maintaining ligand binding, particularly for the type II receptors. TbRII is unique in having two additional disulfide bonds to tether the b1-b2 loop in a position for ligand interaction.
During evolution the ligands have expanded significantly faster than the receptors, and thus there are a far greater number of ligands than type I and type II receptors. As a consequence, receptors can interact with multiple ligands and vice versa, where ligands will typically interact with multiple receptors. It is important to note that the extent of ligand-receptor promiscuity is critical for defining signaling events. 26, 43, 44 Along this, studies have only scratched the surface of the consequences of signaling when multiple ligands are present. Over the years, structural and biochemical studies have provided insight into the molecular basis of receptor specificity to define what ligand features are important for receptor specificity and what receptor features are used to engage certain ligands, while avoiding others.
Type II receptor-ligand structures
Of the five type II receptors, BMPRII, ActRIIA, and ActRIIB interact with several ligands whereas TbRII and AMHRII have a limited ligand binding repertoire. 45, 46 TbRII is highly specific for binding to the TGFb class (TGFb1-3), while AMHRII is reserved exclusively for the ligand, antiMullerian hormone (AMH). While AMHRII has not been structurally characterized, the limited specificity of TbRII for the TGFb class is well understood. 10 During complex formation with TGFb, TbRII binds at the distal fingertips of the ligand, where the receptor b-sheet is perpendicular to the b-strands of the fingers (Figure 1(d) , center, orange). Specifically, b2 of TbRII forms significant contacts and binds within a cleft formed from positively charged residues (Arg303 and Arg372 in TGFb1) -a feature shared by the TGFb ligands. 11 These residues account for TGFb ligand specificity for TbRII and are not present in BMP or activin class ligands. 47, 48 This interaction is further stabilized by an extension in the b1-b2 loop that is limited to TbRII and AMHRII.
Type II receptors, ActRIIA and ActRIIB interact with activin class ligands, as well as BMP ligands. 46 BMPRII typically acts as a BMP class type II receptor, although in gonadotropic cells, activin has been shown to signal using BMPRII. 49 While ligands can sometimes signal using multiple type II receptors, ligands can have differences in binding affinity, indicating that they exhibit preferences for specific type II receptors. Recombinant BMP 2/4/5/6/7/ 8 and GDF5/6/7 bind all three type II receptors with generally equal affinity, while GDF1, 3, 10, BMP3, GDF8, and GDF11 prefer ActRIIB. 13,50-52 BMP9, 15, and GDF9 bind BMPRII with higher affinity, with BMP9 extending to ActRIIA. 43 In general, activin class ligands bind type II receptors with higher affinity than BMP class ligands, suggesting a competitive environment may be present where limited amounts of ActRIIA or ActRIIB are present, pushing BMP ligands to bind BMPRII. 13, 53 For each ligandreceptor complex, the binding location of ActRIIA, ActRIIB and BMPRII is very similar where the receptor interacts using the concave b-sheet surface to compliment the convex, knuckle interface of the ligand (Figure 1(d) , left and right, orange). This positions the b-sheets of the receptor to be parallel to the b-strands of the fingers. The location and orientation of ActRIIA and ActRIIB binding is completely different than that observed for TbRII.
For ActRIIA and ActRIIB, a conserved set of aromatic residues in the receptor core constitute the bulk of the interactions by contacting small hydrophobic residues present in the knuckle region of the activin and BMP ligands. 16, 20 Within finger 1 a trio of residues (Ile-Ala-Pro) are conserved in ActA, ActB, GDF8, and GDF11, which is similar in BMP2 (Val-Ala-Pro). Mutation of this central alanine in BMP2 attenuated type II receptor binding, confirming that small hydrophobic residues are crucial for type II binding. 3 In addition to these central hydrophobic interactions, ActA and GDF11 form several electrostatic interactions that flank the ligand receptor interface. 13, 16 These interactions, along with slight alterations in the hydrophobic core likely account for the differences in affinity exhibited for BMP-type II interactions. Furthermore, TGFb isoforms have a histidine and glutamate in the corresponding position of the IAP motif which prevents binding to ActRIIA and ActRIIB. 3 Thus, two type II receptor binding modes have emerged where the placement and position of the type II receptor is different depending on the ligand. Since the specificity of AMHRII is more restricted, similar to TBRII, it will be interesting to determine if AMHRII binds at the convex knuckle region or the ligand fingertips.
Type I receptor-ligand structures
Structures of type I receptors in complex with various ligands have also illuminated the mechanisms of receptor assembly for each class. Ternary structures of TGFb, BMP, and GDF11 have revealed a similar positioning of the type I receptor: in the concave interface formed between the ligand fingertips and the wrist helix, including significant contacts with the loop leading into the wrist helix, termed the prehelix loop ( Figure 1(d) , yellow). [8] [9] [10] [11] 13 Multiple structures, including (BMP2:Alk3, BMP2:ActRIIA:Alk3, BMP2: Alk3/Alk6 chimera, GDF5:Alk3/Alk6) have shown that BMP type I receptors, Alk3 and Alk6, which bind with nM affinity, contact each ligand monomer extensively to form a composite interface. [3] [4] [5] [6] [7] [8] [9] 54 Central to this interaction is a phenylalanine residue of the receptor that projects into a hydrophobic pocket formed on the underside of the ligand fingers, termed a 'knob-in-hole'. Another BMP type I receptor, Alk1, which is primarily activated through interactions with BMP9 and BMP10, was shown in the ternary structure of Alk1:BMP9:ActRIIB to have a slightly different placement and is tilted so that the b-sheet is pivoted away from the prehelix loop of BMP9 and towards the posthelix loop. 12, 55 This shift is caused by a two amino acid truncation in the b4-b5 variable loop, causing the loop to be more rigid and closer to the b-sheet, forcing an altered orientation. Modeling Alk1 onto BMP9 in a similar binding position to that seen in the Alk3:BMP2 structure induces severe steric clashes.
Alk5 is the canonical type I receptor for the TGFb class. 46 Structures of TGFb in complex with Alk5 showed that, as compared to the BMP type I receptors, the type I position is shifted away from the wrist helix and toward the fingertip region, allowing for direct interaction with the long N-terminal portion of TbRII. In fact, inter-receptor interactions constitute a hydrophobic, cooperative interface that enhances binding of the type I receptor, which has extremely low lM affinity for the ligand that is not already bound to TbRII. 10 Thus, the organization of TGFb class receptor interactions is much different from the BMP class.
Interestingly, Alk5 also serves as a low affinity type I receptor for several activin class members, such as GDF8 and GDF11. 54 In the recent structure of Alk5:GDF11: ActRIIB, Alk5 is positioned uniquely compared to the BMP and TGFb type I receptors. 13 Here, Alk5 utilizes a phenylalanine to form a knob-in-hole with GDF11 similar to Alk3 and Alk6 binding to BMP ligands, but in contrast, is shifted away from the dimer interface to primarily interact with the tips of the ligand fingers ( Figure 1(d) ). The fingertips act in a manner similar to TbRII and bind to Alk5 at the b4-b5 variable loop, stabilizing the receptor between the fingertips and the prehelix region. However, no direct inter-receptor interactions are observed, precluding a TGFb-like cooperative mechanism to account for low type I affinity. This results in two classes of ligands that interact uniquely with the same type I receptor. In fact, Goebel et al. showed that a single point mutation in Alk5 (Phe 84) could render the receptor insensitive to GDF11 activation while maintaining its ability to be activated by TGFb1. 13 While Alk5 is the primary receptor for TGFb, the activin class ligands are more promiscuous and various ligands can signal using multiple type I receptors, including Alk4, Alk5, and Alk7. 26, 46 Recently, it was shown that specific residues at the ligand fingertip play important roles in defining which receptors the different activin class ligands can signal through. 13 Importantly, differences within the activin class have to be compatible with differences in the b4-b5 loop of the receptors for Alk4/5/7. In addition to the fingertip, the prehelix loop has been shown to be important for receptor specificity. 15 While it is possible that the prehelix loop differentially engages ligands, it is likely that differences in the prehelix loop impact ligand flexibility, which has a direct effect on type I specificity. Thus, a combination of flexibility differences and amino acid differences at the ligand fingertip determines which receptors activin class ligands can utilize. This type of binding mode is compatible with a conformational selection model where the ligand can adopt distinct conformations that are compatible with certain receptors, and is distinct from the TGFb and BMP paradigms.
Thus, is appears that ligands of the TGFb, the BMP, and activin classes have evolved distinct mechanisms of receptor assembly, underpinned by differences in receptor affinity, receptor positioning, and degrees of ligand flexibility. These differences govern receptor utilization and signaling across the family. While only the extracellular components of a signaling complex have been resolved, a full-length ligand-receptor complex is currently lacking and would set the stage for linking intracellular and extracellular signaling mechanisms.
Extracellular regulation across the TGFb family
TGFb prodomain complexes TGFb ligands are synthesized as larger precursor proteins that include an N-terminal prodomain and a C-terminal mature signaling growth factor domain (Figure 2(a) ). 56 The prodomain facilitates proper folding of the ligands and is subsequently cleaved from the mature domain by furin proteases. [56] [57] [58] In most cases, the prodomain remains non-covalently bound to the growth factor in what is typically referred to as a procomplex. 27, 32, 57, 59 The functional significance of the procomplex appears to be highly variable for different family members. Commonly, the procomplex can still signal where the prodomain is believed to be readily displaced by higher-affinity interactions with the receptors. 27, 59 Whether the prodomain is fully displaced or remains partially bound during signaling remains to be determined for individual family members.
In specific cases, the prodomain can render a ligand inactive, keeping it trapped in a latent procomplex. Prodomain-mediated latency is observed within the TGFb class and the activin class members, GDF8 and GDF11. 58, 60 For these ligands to signal, different mechanisms are used to liberate the ligand from the latent procomplex. For TGFb1 and 3, the prodomain interacts with a v b 6 integrin and either latent TGFb binding proteins (LTBPs) or glycoprotein-A repetitions predominant protein (GARP; Figure 2 (b) and (c)). 57, [61] [62] [63] [64] [65] Interactions with LTBP and GARP involve a direct disulfide bond, which anchors the procomplex to the extracellular matrix or the cell surface, respectively. [64] [65] [66] These larger latent complexes can interact with a v b 6 integrin, which can initiate a tensile force across the complex, releasing the ligand for signaling. 57, 62, 64, 67 In contrast, GDF8 and GDF11 are activated by an additional proteolytic event mediated by the tolloid family of metalloproteases. 60, 68, 69 Processing of the prodomain by tolloid, fragments the inhibitory prodomain, weakening its interactions with the growth factor. 32, 60, 70 Recently, structures of the TGFb1 and GDF8 procomplexes, including higher order complexes of the TGFb1 procomplex bound to integrin and GARP have provided a better understanding of prodomain-mediated latency and activation. 32, 57, 64, 67 The first structure of latent TGFb1 (prodomain bound to the growth factor) was solved in 2011 and revealed key features of the prodomain that contributed to latency such as the a1-helix, latency lasso, and fastener region. 57 These elements inhibit TGFb signaling by blocking both the type I and type II receptor binding sites. The a1-helix of the prodomain lies perpendicular to the fingers of the ligand within the concave palm of the type I receptor interface (Figure 2(a) ). While only a handful of TGFb ligands contain inhibitory prodomains, the majority of prodomains are predicted to contain an a1-helix, suggesting that this element plays a major role in procomplex formation across the family. 53 From the C-terminus of the a1-helix, the prodomain wraps around the fingertips of the ligand to block TGFb type II receptor binding, in what is referred to as the latency lasso. Following the latency lasso, the prodomain traverses over the knuckles and back toward the C-terminus of the a1-helix. Here, the prodomain loops back to interact with a1-helix, forming the 'fastener', which includes key hydrogen bonds between distant prodomain segments that appear to pinch the base of the fingers. Interestingly, mutation of fastener residues has been shown to remove prodomain-mediated latency. 32, 57, 60 Collectively, these inhibitory elements make up the 'straitjacket' of the prodomain. In addition, the two prodomain chains continue away from the ligand in the same direction joining together through an interprodomain disulfide bond. The top of this structure is termed the 'bowtie' with the prodomains forming either a compact or closed conformation (Figure 2(a) ). The structure of the procomplex revealed that the consensus integrin binding motif, RGD, is surface exposed at the base of the bowtie far from the inhibitory straitjacket components, indicating that long distance interactions are important for triggering TGFb activation.
In 2017, the structure of the TGFb1 procomplex bound to the a v b 6 integrin head was solved (Figure 2(b) ). In the lattice, only one chain of the TGFb1 prodomain was bound to a v b 6 integrin, leaving one RGD motif unoccupied. 67 In the structure, the integrin head is positioned such that the b 6 chain is proximal to the growth factor with the a v chain positioned more distally with both the a v and b 6 chains interacting with the RGD motif. Comparison to the unbound structure showed that significant structural differences occurred in the conformation of the RGD motif and surrounding area. Interestingly, conformational differences were also observed in the unbound prodomain, implying that integrin binding might have long-range effects that prime the procomplex for force-dependent release of the TGFb1 ligand. Molecular dynamic simulations showed that a force applied through the b 6 subunit of integrin, while artificially anchoring the Nterminus of the prodomains, can disrupt the ligand-straightjacket interactions. 67 This study concluded that since the prodomains are covalently linked through a disulfide bond, a force applied through one prodomain monomer is sufficient to fully activate TGFb1.
To get a better idea for how TGFb is anchored at the N-terminus of the prodomain, a recent structure of TGFb1 was solved in complex with GARP with the aid of a stabilizing antibody MHG-8 FAB (Figure 2(c) ). 64 In the immune system, the immunosuppressive activity of T regs is enhanced by TGFb1 and has become a recent therapeutic target for cancer immunotherapy. [71] [72] [73] GARP is a transmembrane protein expressed on the surface of T regs and forms a disulfide bond with each TGFb1 prodomain chain, tethering latent TGFb1 to the cell surface. [74] [75] [76] GARP contains leucine rich repeats that adopts a horseshoe-like structure similar to tolllike receptors. Within GARP, two unpaired cystines, C211 and C350, are involved in linking both prodomain chains of latent TGFb1 procomplex through the N-terminus of the a1-helix. 64 Together, these studies highlight a TGFb activation mechanism that requires both chains of the prodomain to be tethered to GARP, while a force is generated by a single molecule of integrin. 64, 65, 67 While GARP is bound to cell surface for TGFb activation, TGFb is also found tethered to the ECM through LTBPs. 62, 65 Since LTBPs are structurally distinct from GARP, containing multiple domains, future studies are needed to determine if LTBPs have a similar mechanism of activation for the latent TGFb procomplexes.
Recently, the structure of the latent GDF8 procomplex was solved and was found to contain the same inhibitory elements described from TGFb1 (Figure 2(d) ). 32 Similarly, mutations of the fastener residues resulted in a decrease in prodomain-mediated latency. 60 Interestingly, mutation of hydrophobic residues, specifically I56 and I53 of GDF8, within the a1-helix also removed latency, but were shown to be active without the need for tolloid proteolysis. 32, 60 However, despite sharing similar inhibitory elements, the TGFb1 and GDF8 procomplexes form distinct conformations. Unlike TGFb, the prodomain of GDF8 lacks an interdisulfide bond, which allows for a more open V-like conformation as compared to the closed conformation of TGFb1 (Figure 2(d) ). Interestingly, this open conformation exposes the tolloid cleavage site required for latent GDF8 activation. Further studies using hydrogen-deuterium exchange revealed that processing by tolloid primes the prodomain for dissociation by weakening its interaction with the ligand. 70 These proteolytic fragments are easily displaced by the receptors allowing for GDF8 to signal. Currently, the mechanism of latent GDF8 activation by tolloid, including recognition of the procomplex by tolloid and the spatial and temporal regulation of activation in vivo remains under investigation.
Interestingly, the structure of both the TGFb1 and GDF8 procomplexes revealed a 'cross-over' mechanism, where the prodomain translated with one monomer forms interactions with the opposite monomer. 32, 77 It is interesting to speculate that a cross-over mechanism is important for defining which ligands can hetero-and homo-dimerize. Thus, the prodomain must be 'compatible' with the growth factor domain of the dimerization partner. In addition, prodomain-prodomain interactions might also be important as both the TGFb1 prodomains and GDF8 prodomains directly contact each other. However, more research needs to be conducted to ascertain the role of the prodomain in hetero-and homodimer formation.
Besides serving to help properly fold the growth factor, these procomplexes could serve additional roles. As discussed, TGFb superfamily ligands are highly hydrophobic and utilize their hydrophobicity to interact with cell surface receptors. Due to this characteristic, it is unlikely that ligands in serum are in an apo-or unbound state. Thus, it is likely that the prodomain serves to increase their half-life in serum or to protect the ligand from the variety of extracellular antagonists found within serum. 78 Complexes of BMP9 and ActA procomplexes have been solved and represent noninhibitory procomplexes. 27, 59 Both complexes were solved in an open configuration; however, they exhibited very different interactions with their prodomains. For ActA, the a1helix was positioned in the palm of the dimer interface, while BMP9 adopted a completely different complex utilizing an a5-helix positioned within the palm. Thus, within the family prodomain-ligand interactions have evolved a variety of functions that provide ligand-specific regulation. 
TGFb antagonist complexes
TGFb family ligands are also regulated by a wide array of structurally diverse extracellular protein antagonists (Figure 3 ). Protein antagonists consist of varying domain architectures and inhibit ligands through different binding mechanisms. 53 The majority function by blocking both the two type I and two type II receptor binding sites to prevent receptor assembly and signaling. Often antagonists accomplish this by binding in a 2:1 stoichiometric ratio (2 antagonists, 1 ligand dimer) where one antagonist molecule will block a single type I and a single type II site. However, antagonists such as chordin and WFIKKN2 provide exceptions where each bind in an asymmetric 1:1 ratio. [79] [80] [81] In this section, we will highlight the structural studies that have revealed different mechanisms for ligand antagonism.
The first structure of an antagonist was solved in 2002 and revealed how the antagonist, Noggin, binds and inhibits BMP7 (Figure 3(b) ). 82 Interestingly, Noggin is singledomain protein secreted as a disulfide-linked homodimer, containing a cystine-knot motif and sharing remarkable homology to TGFb ligands. The Noggin dimer binds symmetrically to the ligand dimer and is positioned similar to where the TGFb prodomain is located. The structure revealed that each chain of Noggin sequesters a type I and type II receptor binding site. To interfere with type I receptor binding, Noggin binds BMP7 using an unstructured N-terminus that threads into the type I site similar to the strategy used by the a1-helix of the prodomains. A number of residues within the N-terminus were shown to be important for proper antagonism and mutations within this region cause a number of diseases such as symphalangism and tarsal/carpal coalition syndrome. [83] [84] [85] On the outside of the ligand, the type II receptor sites are blocked by the 'fingertips' of Noggin somewhat similar to a caliper that pinches the distal ends of the ligand. Since the Noggin chains are disulfide-linked, the nM binding affinity is a result of avidity and binding of a single noggin dimer blocks all four receptor sites of BMP7. 82 The next antagonist-ligand complex was solved in 2005 between Follistatin (Fst) and ActA (Figure 3(a) ). 30 Unlike Noggin, Fst is a multidomain protein containing an N-terminal Domain (ND) and three tandem follistatin domains (FSDs). Two molecules of Fst bind the ActA dimer in a ringlike structure. The ND of each Fst occupies the type I receptor binding site with FSD1 and FSD2 covering the type II receptor site. The two Fst molecules interact in a head-totail mechanism where the ND of one Fst interacts with the FSD3 of the neighboring Fst. Several structures of Fst in complex with various ligands have highlighted a conformational selection model where both the antagonist and ligand adopt a preferred conformation for binding. 15, 30, 33, 86 In particular, the ND of Fst can adopt different conformations to accommodate the wrist region of different ligands. This mechanism provides the basis for Fst's ability to be promiscuous and target multiple ligands, including activin (ActA/B, GDF8/11) and BMP (BMP2/4/6/7) class ligands. Similarly, Follistatin-Like 3 (Fstl3), which lacks the third FSD, was solved in complex with both ActA and GDF8. 29, 33 Here, the ND ligand interactions are less flexible, partially explaining why Fstl3 antagonizes fewer family members. Collectively, these structures have been important for understanding how an antagonist binds different ligands, and also, how a particular ligand is neutralized by different antagonists.
Members for the differential screening-selected gene in neuroblastoma (DAN) family (Gremlin-1, Gremlin-2, Dan, Cerberus, Coco, USAG-1 and SOST) have been shown to bind and neutralize BMP ligands with varying potencies. 53, 87 Certain members, such as SOST, do not inhibit BMP, but instead interfere with Wnt signaling by interacting with the Wnt coreceptor, LRP5/6. 88, 89 The NMR structures of SOST revealed a growth factor-like fold, strikingly similar to TGFb ligands, with a cystine rich domain and a set of b-stranded 'fingers'. 90, 91 Subsequently, the crystal structures of Gremlin-2, DAN, and Gremlin-1 all revealed a unique head-to-tail dimeric structure where the dimer interfaces were stabilized by a strong antiparallel b-strand interaction between the two chains (Figure 3(c) ). [92] [93] [94] Unlike Noggin, the dimer was not disulfide-linked even though a number of DAN family members contain an unpaired cysteine at the dimer interface. In 2016, the structure of Gremlin-2 was solved in complex with GDF5 making it the only antagonist to date where the full-length structure was solved in a bound and unbound state. 93, 94 The structure of Gremlin-2:GDF5 resembles an H shape, with two Gremlin-2 dimers binding perpendicular at each end of the ligand dimer (Figure 3) . Interestingly, within the crystal lattice each Gremlin-2 monomer is bound to a single chain of GDF5 creating a long daisy chain of alternating Gremlin-2 and GDF5 ligand dimers. A comparison of the two Gremlin-2 structures reveals that, like Noggin, a long, flexible, N-terminus binds to the type I receptor binding site of GDF5. However, having both the bound and unbound structures of Gremlin-2 provides insight into the molecular transitions that occur upon binding ligand. In the unbound state the N-terminus of Gremlin-2 is helical and sits on top of the dimer, shielding a major hydrophobic cleft. Upon ligand binding, the helix unwinds, forming a b-sheet interaction with the fingers of the ligand while threading the N-terminus into the palm of the ligand. This exposes a number of hydrophobic residues in Gremlin-2 that engage the ligand at the type II receptor binding location. Thus, the N-terminus appears to shield hydrophobic residues prior to ligand binding, offering protection from nonspecific interactions.
WFIKKN1 and WFIKKN2, named for its conserved domain architecture, a whey acidic protein, FSD, immunoglobulin domain, 2 tandem Kunitz domains and a netrin domain, is a specific antagonist for GDF8 and GDF11. [95] [96] [97] Limited structural information is available for how WFIKKN1/2 bind and antagonize ligands. Currently, the Kunitz 2 domain of WFIKKN1 and the FSD of WFIKKN2 have been solved by X-ray crystallography in the absence of ligand. 98, 99 The Kunitz 2 domain resembles a typical Kunitz protease inhibitor, containing two antiparallel b-strands, an adjacent a-helix and a flexible loop that is predicted to insert into target proteases, namely trypsin. 98 The structure of WFIKKN2 FSD revealed a similar two domain architecture with an epidermal growth factor (EGF) and Kazal subdomain that is conserved in other FSDs. However, the orientation of the WFIKKN2 FSD subdomains is unique from Fst FSDs 1-3, including FSD1 of Fst unbound to ligand. 99 Currently, the molecular mechanisms utilized by the multiple domains of WFIKKN to inhibit GDF8 and GDF11 is unknown, as no structure of the domains or full-length WFIKKN has been solved.
Like WFIKKN, the antagonist Chordin also contains a number of domains within the full-length protein, one C-terminal Von Willebrand factor C (vWC) domain, four tandem chordin specific domains, and three N-terminal vWC domains. 81, [100] [101] [102] No structure of mammalian chordin has been solved; however, insight into how vWC domains bind BMP ligands was revealed by the structure of the C-terminal vWC of drosophila crossveinless-2 (CV-2) in complex with BMP2 (Figure 3(d) ). 100 The vWC structure resembles a hook, with a clip domain (the hook) and two subdomains SD1 and SD2 that form a stalk. The vWC hooks over the top of the BMP2 knuckles and the clip is inserted into the concave palm of the type I receptor site with the SD1 pressed against the type II receptor site. Two other vWC structures not bound to a ligand from collagen 2a and CCN3, both known to interact with BMPs, were solved by X-ray crystallography. 102 Interestingly, a structural comparison revealed that the other vWCs bind BMPs using a different molecular mechanism as they lack the N-terminal clip and SD1 epitopes found in CV-2 vWC. Although the vWC of a chordin homolog has been solved, more work is required to identify how mammalian chordin functions and what role the other domains serve during antagonism.
In general, TGFb ligands are highly regulated by both the prodomains they are synthesized with and a variety of extracellular protein antagonists. Over the years, structural work has highlighted major differences in the mechanism of binding. However, many questions remain, including how higher-order complexes with the extracellular matrix impact ligand activity. Further, only four procomplexes of family members are available, each describing vastly different structures. Certainly, additional structural data are needed to define these mechanisms for individual ligands, and further to understand how large multidomain extracellular antagonists, such as WFIKKN and chordin neutralize ligands. These studies will help support the growing need to develop therapeutics that modulate TGFb ligands.
Intracellular regulation across the TGFb family

Structures of kinase domains and SMAD proteins
The type I and type II TGFb receptors contain an intracellular serine/threonine kinase domain. Similar to other kinases, the domain is comprised of a small ($70 residues) N-terminal lobe (N lobe), a hinge region linker, and a larger ($250 residues) C-terminal lobe (C lobe). Type I receptors differ from the type II receptors by the presence of an N-terminal glycine-serine rich (GS) domain ($30 residues) which regulates kinase activity and Smad binding. When not active, a small 12 kDa immunophilin protein termed FK506-binding protein 1A (FKBP12) engages the GS domain keeping the type I receptor in an inactive state. [103] [104] [105] [106] Activation of the type I receptor occurs upon assembly of the receptor-ligand complex, where the constitutively active type II receptor phosphorylates serine and threonine residues within the GS domain of the type I receptor, causing a conformational change to the GS domain. 107 This conformational change dissociates FKBP12, liberating the active site of the GS domain for Smad binding. 104 Subsequently, the active type I receptor will phosphorylate an S-X-S motif on the distal C-terminus of Smad proteins causing them to accumulate in the nucleus and to interact with transcriptional machinery. 108, 109 The intracellular components of the TGFb family have been reviewed by many others including Chaikuad and Bullock, 110 Massagué, 111 Heldin and Moustakas, 112 Hill, 113 and Hata and Chen. 114 The purpose of this review is to not only summarize other reviews, but to also focus on the information gained from structures of the intracellular molecules of the TGFb family. This section will describe the structural and molecular features of the intracellular type I receptors, type II receptors, and Smad proteins that contribute to TGFb signaling outcomes, and highlight certain gaps in our current understanding of TGFb signal transduction.
Type I receptor kinase domain structures
The first solved kinase domain structure within the TGFb family was the type I receptor, Alk5, in complex with FKBP12 by Huse et al. 103 This structure revealed that overall type I receptors adopt a canonical protein kinase fold similar to other protein kinases such as, cAMP-dependent protein kinase PKA 115 (Figure 4 ). As such, Alk5 contains an N lobe consisting of a twisted five-stranded b-sheet and a single a helix termed aC. Importantly, the loop between b4 and b5 (the L45 loop) contains sequence specific elements that are important for dictating specificity for Smad2/3 or Smad1/5/8. 116, 117 The GS domain, which is positioned in between the cell membrane and the N-lobe, is phosphorylated by the type II receptor and provides a critical switch mechanism regulating type I kinase activity. The GS domain adopts a helix-loop-helix segment, N-terminal to the b-sheet. In contrast to the N lobe, the C lobe of the receptor is mostly a-helical with a catalytic loop containing a His-Arg-Asp (HRD) motif and an activation loop initiated by an Asp-Phe/Leu-Gly (DF/LG) motif. The activation loop motif binds to ATP and a magnesium ion when the receptor is in the active conformation. However, in the structure of Alk5, the activation loop forms a b-hairpin supported by a one and half turn extension of an a-helix. This interacts with the GS region and the aC helix to restrict the motion of the helix and hold the receptor in its unphosphorylated, inactive state. Phosphorylation of the GS domain is thought to activate the kinase by causing a conformational change of the aC and activation loop providing substrate (Smad) access. When phosphorylated, the GS domain is thought to interact directly with the Smad substrate providing an additional binding epitope for Smad molecules.
In 2001, the structure of Alk5 lacking FKBP12 was solved. 104 This new structure provided the first insights into the dynamics of these receptors. By aligning the two structures and observing the differences in the FKBP12 bound and unbound receptors, it became clear that FKBP12 was in fact playing a crucial role in holding the receptor in an inactive state to inhibit ligand-independent Smad signaling. The structure revealed that a catalytic salt bridge formed between Glu245 on the aC helix and Lys232 on b3 is broken when FKBP12 is bound, while a second salt bridge is created between Arg372 and Asp351 that blocks the ATP binding site within the activation loop ( Figure 4 ). 103, 104, 110 These two structures set the framework for understanding the intracellular receptors at the molecular level mechanistically and providing a structural basis for FKBP12 regulation within the TGFb family. Presently, crystal structures are available for four of the seven type I receptor kinase domains (Alk1, Alk2, Alk5, and Alk6 103,104,118-138 ). These receptor structures have allowed us to relate a number of mutations that occur in the kinase domain with their potential impact on kinase activity. For instance, a mutation, T204D, in Alk5 causes constitutive activation, resulting in signaling independent of ligand binding and phosphorylation by the type II receptor. Interestingly, this activity occurs because these mutations prevent the binding of FKBP12 to Alk5 and cause irregular signaling of the receptor. Furthermore, this ligand-independent activation of Alk5 has been shown to result in the development of ovarian sex cord-stromal tumors. 139 The crystal structure of the Alk5 T204D kinase domain depicts that changes occur in the aC helix and L45 loop which could also alter Smad binding. 129 However, how the T204D mutant of Alk5 is able to enhance autophosphorylation of the receptor is unclear. Further understanding of receptor activation would be greatly enhanced from structures of these receptors in a phosphorylated state or bound to a Smad protein.
Additionally, a mutation, R206H, in the GS region of the type I receptor Alk2 has been associated with the skeletal malformation disorder, fibrodysplasia ossificans progressive (FOP), a rare disorder characterized by the replacement of skeletal muscle and connective tissues by bone. The structure of Alk2 with this mutation shows that the salt bridge normally formed by the binding of FKBP12 that normally holds the receptor in an inactive state is disrupted, thus making the receptor constitutively active. 124 While many studies have suggested this to be the basis for the disease, recent studies have shown that this mutation actually alters ligand specificity. Besides BMP ligands, Alk2 can also interact with ActA and for wild-type Alk2, ActA binding does not typically produce a signal, and can instead act as a competitive inhibitor to BMP. However, with the R260H mutation, ActA can now signal through Alk2 leading to aberrant activation of Smad 1/5/8. 140 How this intracellular mutation leads to an alteration in ligand specificity outside of the cell remains unknown and emphasizes that receptor activation is more complicated than merely a co-localization of type I and type II receptors.
Two recently published structures of the kinase domain of Alk2 in complex with a small molecule inhibitor have helped to identify important residue contacts between the receptor and inhibitor. In the structure solved by Williams and Bullock in 2018, it was shown that important interactions between residues Lys235 and Glu248 in Alk2 play a crucial role in water-mediated hydrogen bonding with the small molecule inhibitor, LDN-212854. 119 With their work, they were able to explain the specificity of this inhibitor for Alk2 where these interactions are not capable of forming in Alk5 and account for the increased potency when compared to other commonly studied Alk2 inhibitors, such as LDN-193189. 120 By using the structure of Alk2 FOP mutant, R206H, in complex with a small molecule inhibitor, RK-59638, recent work has been able to identify potent inhibitors of Alk2 R206H with increased oral bioavailability. 124 Studies such as the two described here, open the doors for better therapeutic design by being able to specifically target interactions to lock the receptor in non-signaling configuration.
Type II receptor kinase domain structures
The first structure of a type II receptor kinase domain was ActRIIB, which was solved in 2007. 141 Much like their ECD, these Ser/Thr kinase receptors all show a high level of structural homology. The type II receptor structure revealed the same overall kinase fold seen in all other kinases. However, two major differences between the structure of ActRIIB, a type II receptor, and Alk5, a type I receptor, are the lack of a GS domain in ActRIIB and a difference in the activation loop of the C lobe (residues 339-368 in ActRIIB). As mentioned, in the Alk5 structure, this activation loop helps to hold Alk5 in an inactive state. However, in ActRIIB, this b-hairpin is absent and thus does not restrict the receptor in an inactive state. Interestingly, this region is sequentially variable between type I and type II receptors and shows a high level of flexibility. 141 Additionally, the lack of the GS domain in the type II receptors limits FKBP12 to interactions with only the type I receptors. These differences in the type I and type II receptors are consistent with the fact that the type II receptors are constitutively active and not held inactive by FKBP12. To date, structures are available for four of the five type II receptor kinase domains (ActRIIA, ActRIIB, BMPRII, and TBRII 121, 129, 137, 141, 142 ).
Smad protein structures
In addition to studying the receptor kinase domain structures and activation, structures of Smads and additional interacting proteins have been studied in order to better understand the mechanisms of signal transduction. As mentioned above, activated type I receptors will phosphorylate and activate receptor-specific Smad proteins or R-Smads. Upon phosphorylation, these R-Smad proteins will form heteromeric complexes with co-Smad4. Activated R-Smads, together with Smad4 will accumulate in the nucleus to regulate target gene expression. Smad proteins are composed of two globular domains termed Mad homology 1 (MH1) and MH2. The two domains are held together by a proline-rich linker. The N-terminal MH1 domain serves as the DNA-binding domain with a hairpin structure within this domain allowing it to bind DNA. 111 The C-terminal MH2 domain serves as the binding site for the type I receptors which recognize a common Ser-X-Ser motif at the extreme C-terminus of R-Smad. 143, 144 Additionally, the MH2 domain is used for interactions with other Smad proteins, cofactors, co-activators, and corepressors of this pathway.
The first crystal structure of a Smad protein was the structure of the co-Smad4 MH2 domain which showed a trimeric structure. 145 Importantly, this structure showed that most tumor-derived missense mutations were located within the protein-protein interface that facilitated trimeric assembly, demonstrating that oligomerization is crucial for signaling. 145 The MH2 domains contain a central b-sandwich core between conserved three-helix bundles on one side and a conserved loop-helix region on the other (Figure 5(a) ). Following this structure, several other structures were solved, including the structures of unphosphorylated and phosphorylated Smad2 and the heterotrimeric complexes of R-Smad2 or R-Smad3 with co-Smad4. [146] [147] [148] Structures of the MH2 domain of R-Smad2, phosphorylated and unphosphorylated, have given insight into the tertiary structure of Smad molecules and how activation stabilizes the oligomeric state. 146, 147 The structure of phosphorylated R-Smad2 showed that there is a head-to-tail interaction where the phosphorylation at the C-terminus stabilized the oligomeric form through interactions with a basic patch on an adjacent Smad MH2 N-terminus 147 (Figure 5(a) ). Pivotal to understanding Smad-Smad interactions, in 2004 heterotrimeric complex structures of either two R-Smad2 or R-Smad3 MH2 domains in complex with the co-Smad4 MH2 domain were solved. 148 The structure showed that unique electrostatic interactions within the heteromeric interfaces favor Smad assembly of two R-Smads and one co-Smad4 in TGFb signaling. 148 Over the years, it has been well established that MH2 domains form a primary hub for other Smad interaction proteins. The structure of the R-Smad2 MH2 domain in complex with the Smad binding domain (SBD) of Smad anchor for receptor activation (SARA) provided the first example for how proteins can interact with the Smad MH2 domains. 146 This structure showed that the SBD peptide interactions with the MH2 domain were derived through binding hydrophobic residues across both the b-strand and three-helix bundle. Next, the complex structure between the co-Smad4 MH2 domain and the corepressor, Ski, shows that Ski binds within the binding surface on co-Smad4 required for R-Smad binding. 149 Ski forms a compact structure containing a core with four b-strands which pack into three a-helices, a fourth large C-terminal a helix, and a fifth b-strand which binds co-Smad4. This b-strand is within a large interaction loop (I-loop) in the middle of Ski that forms hydrophobic interactions with the bottom of the b-sandwich of the co-Smad4 MH2 domain. Conversely, a recently solved structure of the complex between R-Smad2 and Ski shows a different binding mode, in which Ski only interacts with the three-helix bundle, making it a unique interaction compared to the structure with co-Smad4. 150 Recently, the structure of MAN1, which terminates TGF-b signaling through Smad binding, was solved in complex with the MH2 domain of Smad1 and Smad2 and shows a different Smad binding mode. MAN1 engages the MH2 domain through interactions with a-helix 2 of the bundle motif and multiple b-strands in the b-sandwich including the L3 loop. 151 Further diversity in Smad binding was shown by the same group, who published the structure of the Smad interacting domain of FoxH1 in complex with the MH2 domain of Smad3. 150 These structures highlight that interactions can occur through different binding epitopes, demonstrating the complexity of these Smad protein mechanism ( Figure 5(b) ). In 1998, the structure of the MH1 domain of Smad3 bound to DNA depicted the first structure of a MH1 domain. 152 The MH1 domain consists of an N-terminus with three a-helices and a C-terminus with six b-strands which form two small b-sheets and one b-hairpin. In the middle of the MH1 domain is a hydrophobic core which contains a fourth a-helix. The b-hairpin interacts and binds the phosphodiester backbones of DNA by hydrogen bonding. 152 Structures of the MH1 domains of Smad5 and co-Smad4 have also been resolved by X-ray crystallography. 153, 154 While the structures describe here have given us many tools for understanding the dynamic assemblies of intracellular proteins within the TGFb family, many questions still exist within the field. In TGFb signaling, it is generally thought that these kinase domains will interact with a number of proteins to affect downstream signaling. The structural basis of these interactions has not been resolved. In part, this could be because they are part of a higher order complex or because they are transient in nature, making them more difficult to study at the structural level. For example, a major area of uncertainty is the type I receptor and R-Smad interface. This complex structure will be crucial to finally understanding, at the molecular level, the innerworkings of how type I receptors interact with Smads and elude to preferential selection of different receptors for specific Smads. Another major gap is the molecular mechanism of how the type I and type II kinase domains interact. The interactions necessary for the type II receptors to phosphorylate the GS domain of the type I receptor are currently unknown. Interestingly, recent studies have suggested that type I receptors interact, independent of type II receptors, resulting in type I receptor crossphosphorylation, which could be similar, in principle, to homodimeric activation of receptor tyrosine kinases. 108 Furthermore, a structure of a full Smad complex (MH1 and MH2 domains) is lacking, partially because of the difficulties in making these proteins and the flexible linker between these MH domains, which is highly regulated by post-translational modifications. Certainly, the relative position of the intracellular kinase domains might be impacted by the spatial distribution of these receptors mediated through ligand assembly of the ECD, and thus there is a need to characterize the full-length receptor complex.
Concluding remarks
In summary, over the past two decades significant progress has been made understanding how TGF-b ligands signal and are regulated. However, given the complexity and diversity of the family significant gaps still exist for a number of ligands. In the coming decades, as structural techniques improve, methods such as cryo-EM will play an important role in imaging larger more complex structures.
